A new, simple, sensitive, low cost and rapid potentiometric method for direct determination of ultra trace amounts of sodium dodecyl sulfate (SDS) with a new DS --selective electrode is reported. The electrode was prepared by electropolymerization of aniline in acidified DS -ion on the surface of a Pt electrode. The cyclic voltammetry (CV) was used for electropolymerization of polyaniline (PA) in the potential range of -200 to +1000 mV vs. Ag/AgCl. This sensor showed a Nernstian behavior (59.0 ± 2.3 mV/decade) over a very wide linear range (1.0 × 10 -9 -3.0 × 10 -6 M) with a detection limit of 1.0 × 10 -9 M. The response time of the electrode was 15 s for 1.0 × 10 -7 M of analyte; the electrode can be used for 4 weeks without any major deviation. This electrode can be used in the pH range of 3.5 -9.8. The selectivity of electrode to DS -over some organic, inorganic and anionic surfactants was investigated with the fixed primary ion method. The results show that the electrode is highly selective to DS -ion over other ions. The proposed electrode was applied to the determination of DS -in real samples.
Introduction
Because of the important role of surfactants, especially anionic surfactants, in daily life, their determination is of increasing interest. 1 Surfactants sometimes cause water pollution of watersupply sources such as rivers, lakes and natural ecosystems. The most widely used technique in surfactants analysis is the so-called two-phase titration. In this method, the surfactant is extracted into an organic hydrophobic solvent (CHCl3), as a lipophilic ion-pair formed with the titrant. The latter is generally a surfactant of opposite charge. The titration is carried out in the presence of an ionic dye (or a mixture of ionic dyes), which colors the organic layer in the presence of an excess amount of anionic or cationic surfactants. This procedure is currently used as a standard method. [2] [3] [4] [5] Alternative analytical methods, such as spectrophotometry, [6] [7] [8] [9] ion-pairing, 10 thin-layer chromatography, 11,12 gas chromatography after derivatization or thermal decomposition, 13, 14 HPLC coupled with conductometric detection, [15] [16] [17] [18] [19] [20] [21] capillary electrophoresis with UV detection and electrochemical methods, 22 have also been developed.
The surfactant-selective electrodes offer an attractive potentiometric method for the surfactant analysis. [23] [24] [25] [26] [27] [28] [29] Potentiometric sensors offer several advantages. The sensors have generally a large linear range because the signal is proportional to the logarithm of ion activity. Short response time makes the devices very suitable for process control and allows a high sample throughput in, for example, flow injection analysis. Moreover, the potentiometric sensors can have very small dimensions and consequently, only small sample volumes are required. The most attractive features include the speed with which each sample can be analyzed, the portability of the device and preservation of sample.
In recent years, conducting polymers have been studied enthusiastically because of their potential applications as lightemitting diodes, batteries, electromagnetic shielding, antistatic coating, gas sensors and activators. 30, 31 Among conducting polymers, polyaniline has been extensively studied in the last decade due to its environmental stability, low cost of raw material and ease of the synthesis. 32 We have recently introduced a number of PVC-based potentiometric sensors for Ni 2+ , 33 Pb 2+ , 34, 35 and Cu 2+ ions. 36 In this article, we describe a stable polyaniline-dodecyl sulfate (PA-DS) coated membrane electrode (CME) prepared by cyclic voltammetry, and doped with DS -ions from an aqueous solution. The number of cycles and concentrations of aniline and DS -ions were investigated.
Experimental

Reagents
Prior to use, aniline (Aldrich) was distilled in vacuum. Analytical reagent grade sodium dodecyl sulfate (C12H25SO4 -Na + , SDS) was obtained from Fluka and used without any purification. Chloroform (HPLC grade) and all other reagents such as NaOH, HCl, Methylene Blue and sodium salts of interfering anions were purchased from Fluka or Merck as analytical reagent grade and used as received. All solutions were prepared using doubly distilled water. Ultra pure Ar (99.999%) was obtained from Roham gas Co.
Apparatus
The voltammetric experiments were carried out with a Pt (r = 1 mm) disk electrode in a three-electrode arrangement. The auxiliary electrode was a Pt-wire with a larger surface area than that of the disk electrode. A double junction silver/silver chloride (3 M KCl in water) electrode was used as reference electrode. All the solutions were deaerated for 5 min with pure argon (99.999%) and an inert atmosphere was maintained over the solution during the electropolymerization. All voltammetric measurements were made with a VA processor 693 Metrohm instrument. pH measurements were carried out with a Metrohm pH meter Model 691. The spectroscopic measurements were made with a Shimadzu UV-visible Model 2100 spectrophotometer.
Electrode preparation
Prior to use, all working electrodes were polished on 0.004 µm Al2O3 slurry and cleaned afterwards by doubly distilled water.
A solution of SDS 0.1 M (20 ml) was passed through a column containing 10 g of a cationic exchanger resin until all Na + ions were exchanged with H + . Then the PA film was electrochemically grown onto a Pt disk electrode by cyclic voltammetry (ν = 50 mV/s) between -200 mV to 1000 mV (vs. Ag/AgCl) in a solution containing 5 mM HDS and 1 mM aniline. Argon gas was purged through the solution for about 5 min before polymerization and during reaction. The electrode was finally conditioned for 12 h by soaking in a 1.0 × 10 -7 M SDS solution.
Potential measurements
The modified electrode was used as the measuring electrode in conjunction with an Ag/AgCl reference electrode. All emf measurements were carried out using the following cell assembly:
A high impedance Sa-Iran digital multimeter 8503 was used for potential measurements at a temperature of 25 ± 1˚C. Calibration curves were constructed by plotting the cell potential vs. log C of the SDS solutions. After its use, the electrode was kept in a degassed solution containing 1.0 × 10 -7 M SDS, in a closed vessel. Before each electrochemical measurement the working electrode was regenerated in the measurement cell, containing 1.0 × 10 -7 M SDS. Cyclic voltammetry was applied from -200 mV to 1000 mV to regenerate the electrode surface. 37 
Results and Discussion
Electrochemical polymerization
Constant potential, constant current and cyclical sweep methods were tested for the electrochemical polymerization of aniline. By using the last method, the cyclic voltammograms obtained for the polymerization of aniline in 1.0 × 10 -7 M HDS showed two nice redox couple peaks with the formal potentials of 0.2 V and 0.8 V (vs. Ag/AgCl), respectively ( Fig. 1 ). As can be seen from Fig. 1 , the peak currents of these electrocouples increased with the increasing cyclic numbers, due to the increased polymeric film insertion of DS -anions. The results revealed that the aniline polymerization in the presence of large surfactant anions such as DS -leads to the deposition of films with good electroactivity, high stability, a greatly enhanced conductivity and a more ordered arrangement of chains, as was reported in the literature. 38 In a solution containing varying concentrations of DS -anion, the PA-filmed electrode shows a potentiometric response proportional to the DS -concentration. According to Doblhofer's model, 39 an electrode potential can be expressed as follows:
where E o is a constant (a formal redox potential of a redox polymer), αpoly + and αpoly are the activities of oxidized and reduced forms of a conducting polymers, respectively, and ∆ϕ′ is the potential at the polymer/solution interface. In the absence of specific interactions between ions and a polymer layer, ∆ϕ′ can be interpreted as the Donnan potential: (1) and (2) show that the potential of a conducting polymer modified-electrode depends on both the redox state of polymer and the ion concentration. In Eq. (1), the electrode potential is independent of αpoly + , αpoly, E o and [DS -]poly, because these parameters are constant. Consequently, Eq. (1) can be expressed as follows:
In this case the potential electrode is directly dependent on [DS -]sol.
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Effect of cycle number
The influence of the number of cycles on potential response of the sensor was investigated; the results are shown in Fig. 2 . It is seen that a change in the number of cycles resulted in a significant change in the Nernstian behavior and linearity of the sensor. The use of 400 cycles exhibits a near Nernstian potential response over a wide concentration range. At low cycle numbers, the coating of the electrode surface is imperfect so that the response slope is lower than the Nernstian slope, while at high cycle numbers, because of the increased polymer layer resistance at a higher thickness, the response slope is also decreased. Figure 3 shows the effect of pH on the potential response of the proposed PA-DS electrode over a pH range of 1 to 13 in a 3 × 10 -7 M SDS solution. As seen, the potential response remains almost constant over the pH range 3.5 -9.8 in a 3 × 10 -7 M SDS solution. A significant change in potential response was observed for values <3 and >10. The observed increase in potential at low pH is probably due to the protonation of DS -ions and decreased concentration of anionic species in solution. On the other hand, in high pH media, OH -ions seem to compete with DS -ions. Therefore, the best performance for the DSsensing electrode based on PA-DS complex should be achieved in the pH range of 3.5 -9.8.
Effect of pH
Electrode response characteristics
The emf response of the proposed electrode indicated a rectilinear behavior in the range from 1.0 × 10 -9 to 3.0 × 10 -6 M (Fig. 4) . The slopes of the calibration curves were 59.0 ± 2.3 mV/decade. The limit of detection of DS -, as determined from the intersection of the two extrapolated segments of the calibration graph, was 1.0 × 10 -9 M. To the best of our knowledge, there has been no report on the determination of SDS at such a wide concentration range and low detection limit. In Table 1 , the concentration range and detection limit of different techniques for the determination of SDS are compared with those obtained with the proposed electrode in this work. The data given in Table 1 clearly revealed the superiority of the proposed electrode over the other methods with this respect.
The average time required for the electrode to reach a potential within ±1 mV of the final equilibrium value after a series of DS -ion solutions, each having a 10-fold difference in concentration, was measured. The response time thus measured was about 15 s or less, for 1 × 10 -8 to 1 × 10 -7 M of analyte. Potential was sustained for at least 15 min, and the standard deviation of ten identical measurements was < ±0.5 mV at several concentrations of DS -ions. The electrode prepared as described was used for at least 4 weeks without any divergence.
Interferences
In order to investigate the selectivity of the PA-DS electrode for DS -ion with respect to various interfering ions, the potentiometric selectivity coefficients (Kpot DS -) were evaluated by the mixed solution method from potential measurements on solutions containing a fixed amount of DS -ion (10 -7 M) and varying amounts of the interfering ion (X n-) according to Eq. (5): 40
where E1 and E2 are the electrode potentials for the solution of DS -ions alone and for the solution containing interfering ions and DS -ions, respectively. According to Eq. The results are summarized in Table 2 . As can be seen, the electrode behaves very selectively for the DS -ion over a variety of inorganic anions and organic anions, even over dodecyl benzenesulfonate (DBS -) ion. Figure 5 shows the potential response of various anions by the electrode.
Applications
The proposed electrode was used for the determination of SDS in two real samples (i.e., a mouth washing solution from Paksan Co., Tehran, Iran, and a tap water sample). The real samples were only diluted, without any other change in the system. Table 3 shows the results obtained by the proposed electrode and by a spectroscopic standard method. 1 As is seen, good agreement was found between the two methods. As is obvious, the results obtained by the two methods for the SDS content of the mouth wash solution are in a satisfactory agreement. However, the amount of SDS in the tap water sample determined by the standard method is more than that determined by the proposed sensor. This is mainly due to the fact that the standard method determines all types of surfactants presents, 1 while the proposed sensor is only for the determination of SDS. 
